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Introduction
BESIII is a particle physics experiment located at the Institute of High-Energy
Physics (BEPC-II) e+e− collider at IHEP in Beijing. It takes data in the τ−charm
domain since 2009. Currently, the world largest samples of J/ψ, ψ(3686), ψ(3770)
and ψ(4040) data have been collected. Among the many experimental results pub-
lished so far, the large statistics accumulated at the Y (4260) and Y (4360) center of
mass energies, allowed the discovery of the charged states Zc(3900)+ and Zc(4020)−
that are the first four-quark states observed and confirmed by different experiments.
BESIII data taking will last until at least 2022.
The Italian collaboration is leading the effort for the development of a cylindrical
GEM (CGEM) detector with analog readout to upgrade the current inner drift
chamber that is suffering early ageing due to the increase of the machine lumi-
nosity. That will happen in either 2017 or in 2018. The new detector will match
the requirements for momentum resolution (σ(pt)/pt ∼ 0.5% at 1 GeV) and radial
resolution (σ(xy) ∼ 100 µm) of the existing drift chamber and will improve signif-
icantly the spatial resolution along the beam direction (σ(z) ∼ 150µm) with very
small material budget (about 1% of X0).
The project, that now involves also groups from Mainz, Uppsala and IHEP, has
been recognised as a Significant Research Project within the Executive Programme
for Scientific and Technological Cooperation between Italy and P.R.C. for the years
2013-2015, and more recently it has been selected as one of the projects funded by
the European Commission within the call H2020-MSCA-RISE-2014.
Within the CGEM project, this work aims to perform full detector simulation for
the optimisation of the tracker geometry and its operational parameters. The goal
is achieved by means of three different, but well connected, studies: a background
estimation, a simulation of the detection elements and the data analysis of a beam
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test. The thesis consists by five chapters.
• Chapter 1 describes the BESIII experiment, reporting about the physics
program, the accelerator and the detector.
• Chapter 2 gives an overview of the CGEM project: the state of the art of the
Micro Pattern Gaseous Detectors is presented, together with the innovations
and the design of the new BESIII inner tracker. At the end of this chapter a
description of the cathode construction assembled in Ferrara is given.
• Chapter 3 reports a study of the background estimation for the CGEM
inner tracker: using a combination of real data and Monte Carlo simulation
we extract noise information that is fundamental for the electronics design
and to study the expected performance of the new detector.
• Chapter 4 describes detailed simulation of the GEM detection element needed
to provide information for the hit digitization in the Full Simulation. The pa-
rameters (e.g. size, shape, the Lorentz angle) of the electron avalanche are
extracted for different gas mixture and operational parameters.
• A beam test has been performed at CERN, at the end of 2014, in order to
measure the performance of a BESIII GEM prototype in a magnetic field up
to 1 Tesla. The beam test results will be used also to validate the Garfield
simulation and to provide additional information for the design of the detector
and electronics. The first results of the beam test data analysis are reported
in Chapter 5.
My contribution to the work reported in this thesis was broad and continuos
during the past 12 months. I participated to the construction of the cath-
ode electrode, that was produced in Ferrara, helping during the assembling
and manufacturing procedures. For the background studies and the detector
simulation I took care both of the framework development and of the data
analysis. Finally, I participated to installation and data taking of the beam
test at CERN, and I was involved in the production of the reconstruction
and analysis software. During and after the beam test I participated to the
processing and analysis of the data.
Chapter 1
The BESIII experiment
“Physis” is a Greek theological, philosophical and scientific term usually traslated
into English as “nature”. Over the centuries scientists discovered the laws to describe
an increasing number of physical phenomena from mechanics to electromagnetism,
from the largest object in the universe to the tiniest event as the particles interac-
tion. High energy physics is a branch of physics which studies the nature of particles
that are the constituents of what is usually referred to as matter and radiation. The
current set of laws, concerning the electromagnetic, weak and strong interactions,
forms the so-called Standard Model (SM). The Bejing Electron Spectrometer III
(BESIII), located at the Bejing Electron Positron Collider II (BEPCII), is a parti-
cle physics experiment which aims to shed light on the nature of particle interactions
within and beyond the SM.
The physics program [1] of the experiment ranges from hadron spectroscopy
to charm and charmonium physics, from τ physics to electroweak (EW) precision
measurements in the energy range between 2 and 5 GeV. These topics are described
in the next paragraph.
1.1 The Physics program
The fundamental theory of the strong interactions, Quantum ChromoDynamics or
QCD, is well tested at short distances, but at long distances nonperturbative effects
become important and these are not well understood. These effects are very basic to
the field of particle physics and include e.g., the structure of hadrons and the spec-
trum of hadronic states. Lower energy facilities with high luminosity can address
these questions. Among these, the Beijing Electron Positron Collider II (BEPCII),
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which operates in the 2 GeV to 4.6 GeV energy range, plays a key role. This is be-
cause it spans the energy range where both short-distance and long-distance effects
can be probed.
Theoretical studies of physics at the energy scale accessible to BEPCII continue
to be actively pursued. To provide a good understanding of physics at this scale,
theoretical tools derived from QCD have been invented. Since a full theoretical dis-
cussion is beyond the scope of this thesis I will just list the main theories and models
used to describe the strong interaction in the non-perturbative regime. For char-
monia, one can use the nonrelativistic QCD (NRQCR) and potential nonrelativistic
QCD (pNRQCD) models to make theoretical predictions for physics involving both
short- and long-distance effects, where a factorization of the two different kinds of
effects can be accomplished and predictions that do not depend on the assumptions
of any particular model can be made. For charmed hadrons, one can at least partly
rely on heavy quark effective theory (HQET) for their study. For physics involv-
ing long-distance effects only, one can employ QCD sum-rule methods, or lattice
QCD and make predictions from first principles. It is a fortunate coincidence that
the most powerful tool for the quantitative treatment of nonperturbative dynamics,
namely lattice QCD, is reaching a new level of sophistication with uncertainties in
calculations of charmed quark dynamics that are approaching the 1 percent level.
In addition to the theoretical tools derived from QCD, many phenomenological
models have been invented to deal with nonperturbative effects, especially those
at the 1 GeV scale or lower, such as light hadron spectroscopy, decays of charmo-
nia and D-mesons into light hadrons, etc. Many theoretical predictions obtained
with the above-mentioned methods exist and call for tests from experiment. The
BEPCII/BES-III facility is ideal for carrying out the task of confirming and vali-
dating these approaches.
Main topics, such as Charmonium spectroscopy, light-quark spectroscopy, D-
physics and τ physic, are summarized in the following.
1.1.1 Charmonium spectroscopy
The total decay widths of the J/Ψ and Ψ’ are measured at a precision level that
is better than 1%. The J/Ψ has many different decay modes. In two-body decays,
either of the final-state particles can be a pseudoscalar, a scalar, a vector, an ax-
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ial vector or a tensor meson. With a 1010 J/Ψ event sample, these decay modes
can be measured much more precisely than before. Historically, there are some
notorious problems related to decays of charmonia. Among them the most well
known problems are the ρpi puzzle, i.e. violations of the 12%-rule, and non-D −D
decays of the Ψ(3770). With BESIII’s huge data samples, more detailed experimen-
tal information will be forthcoming that will hopefully provide guidance leading to
solutions of these problems. Transitions between various charmonium states will be
measured with unprecedented precision. With the possibility of running at higher
energies, the recently discovered Y (4260) [2] has been accessed at BEPCII, and
this led to the discovery of Z+c (3900) [3] the first observation of a tetra-quark or a
charm molecule confirmed later by other experiments, and the Zc(4020). With such
huge data samples, it is possible to detect some Cabbibo-suppressed J/Ψ decay
channels. In these channels, the charmed quark decays via the weak interaction,
while the anticharm quark combines with another quark to form a D-meson. This
process will provide the possibility for detecting effects of new physics at BEPCII,
if, for example, branching ratios of those decays are found to be larger than SM
predictions. Also, one can search for evidence of flavor-changing neutral currents.
This an area where BESIII can make unique explorations for physics beyond the
SM.
1.1.2 Light-quark spectroscopy
Using J/Ψ-decays, one can study light hadron spectroscopy and search for new
hadronic states. The large J/Ψ sample makes BEPCII a “glue” factory, since the
charmed- and anticharmed quark constituents of the J/Ψ almost always annihilate
into gluons. This is very useful for glueball searches and for probing the gluon
contents of light hadrons, including the low-lying scalar mesons. QCD predicts the
existence of glueballs and lattice QCD predicts their masses. For example, the 0++
glueball is predicted to have a mass that is between 1.5 and 1.7 GeV. But to date
the existence of these various glueballs has still not been experimentally confirmed.
Also, since QCD is a relativistic quantum field theory, any hadron should have
some gluon content if symmetries allow. These gluon contents, especially those in
scalar mesons, are crucial inputs to the understanding of the properties of the light
hadrons, such as the f0(1500) and f0(1700) scalar mesons. The rich gluon envi-
ronment in J/Ψ decays is an ideal place to study these issues. Recently, evidence
for exotic hadrons, i.e. mesons that cannot be classified as a qq state of the tradi-
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tional quark model, have been seen experimentally. In principle, QCD allows for
the existence of exotic hadrons. With high-statistics data samples, comprehensive
searches for exotic states can be performed and the quantum numbers of any can-
didates that are found can be determined. In BESIII, an anomalous near-threshold
mass enhancement is seen in the pp system produced in the radiative decay process
J/Ψ → γpp; similar enhancements are seen in other baryonic systems. Various
explanations for these enhancements have been proposed, e.g., there may be res-
onances just below the mass thresholds. However, a satisfactory and conclusive
explanation has still not emerged.
1.1.3 D physics
At BEPCII, D+ and D0 mesons are produced through the decays of the Ψ(3770),
and Ds mesons can be produced through e+e− annihilation at
√∫ around (4.03
GeV). The decay constants fD and fDs can be measured from purely leptonic de-
cays with a systematic errors of 1.2% and 2.1%, respectively. Inclusive and exclusive
semileptonic decays of D-mesons are also studied to test various theoretical predic-
tions. Moreover, through the study of the decays D0 → K−e+νe and D0 → pi−e+νe
one can extract the CKM matrix elements Vcs and Vcd with a systematic error of
around 1.6%. With BESIII it is possible to measure D −D mixing and search for
CP -violation. Theoretical predictions for mixing and CP -violation are unreliable;
BESIII can provide new experimental information about them. Rare- or forbidden
decays can provide strict tests of the SM and have the potential of uncovering the
effects of new physics beyond the SM. With BESIII, they can be studied systemat-
ically.
1.1.4 τ physics
τ -physics will also be studied at BESIII, where several important measurements
can be made. Experimental studies of inclusive hadronic decays can provide precise
determinations of the strange quark mass and the CKM matrix element Vus, while
the study of leptonic decays can test the universality of the electroweak interaction
and give a possible hint of new physics.
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Figure 1.1: A layout of the BEPCII facility; the LINAC and e+e− storage ring are
shown.
1.2 BEPC II
The BEPCII-accelerator consists of a 202 m long electron-positron LINAC injector
and a double-ring structure as shown in fig 1.1. The inner ring and the outer ring
cross each other in the northern and southern interaction points (IP). The horizon-
tal crossing angle between two beams at the southern IP, where the BESIII detector
is located, is 11 mrad to meet the requirement of sufficient separation but no sig-
nificant degradation to the luminosity. While in the northern crossing region, the
two beams cross horizontally and a vertical bump is used to separate two beams,
so that the optics of the two rings can be symmetric. Fig 1.2 shows a sketch of
the beam line. For the dedicated synchrotron radiation operation of the BEPCII,
electron beams circulate in the outer ring with a pair of horizontal bending coils in
super conducing (SC) magnets serving this purpose and in the northern IP a bypass
is designed to connect two halves of the outer ring [4].
The BEPC injector is a 202-meter electron/positron LINAC with 16 RF power
sources and 56 S-band RF structures. The BEPCII main requirements for the
injector are: the full energy of e+ and e− beams injected into the storage rings, e.g.
Einj ≥ 1.89 GeV and the e+ injection rate ≥ 50mA/min.
Luminosity is one of the most important parameters, in a e+e− collider is ex-
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Figure 1.2: Beampipe cross section and its mechanical support.
pressed as:
L(cm−2s−1) = 2.17 ∗ 1034(1 + r)ξyE(GeV )kbIb(A)
β∗y(cm)
(1.1)
Where r = σ∗y/σ∗x is the beam aspect ratio at the IP, ξ the vertical beam-beam
parameter, β∗y the vertical envelope function at IP, kb the bunch number in each
beam and Ib the bunch current. With the BEPCII parameters the luminosity can
reach 8.04× 1032cm−2s−1 [5]. Tab. 1.1 summarises the main parameters.
Beam Energy E GeV 1.55(1.89)
Circumference m 237.53
Bunch Number kb 93
Beam Currents per Ring Ibeam mA 1116
RF Frequency fRF MHz 499.8
RF Voltage per ring VRF MV 1.5
Bunch Lenght cm 1.1/1.5
Bunch Spacing m 2.4
Beam-BeamParameter βxβy 0.04/0.04
Crossing angle mrad 112
Luminosity cm−2s−1 1× 1033
Table 1.1: BEPCII parameters.
The SC RF cavities are chosen for their advantage of large accelerating gradient
and well-damped HOMs. Two SC cavities are installed in the BEPCII with one
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cavity in each ring to provide necessary RF voltage of 1.5 MV. Each cavity is
powered with a 250 kW klystron. The horizontal high power test gives the Q values
of 5.4× 108 and 9.6× 108 at Vrf=2 MV for the west and east cavities, higher than
the design values of 5× 108 at 2 MV.
The BEPCII re-use 44 BEPC bends and 28 quads. There are 267 new magnets,
including 48 bends, 89 quads, 72 sextupoles, 4 skew quads and 54 dipole correctors.
In order to meet the challenges both on the filed uniformity and low coupling
impedance, a modified slotted pipe kicker has been developed with the coating strips
on ceramic bar instead of metallic plates as the beam image current return paths.
The vacuum system has to ensure a vacuum pressure of 8 × 10−9 Torr. The in-
teraction region (IR) has to accommodate competing and conflicting requirements
from the accelerator and the detector. Many types of equipment including magnets,
beam diagnostic instruments, masks, vacuum pumps, and the BESIII detector must
co-exist in a crowded space. A special pair of superconducting magnets (SCQ) is
placed in the IR. Each SCQ consists of a main and a skew quadrupoles, 3 compensa-
tion solenoids and a dipole coils, to squeeze the β function at IP, compensating the
detector solenoid and to serve as the bridge connecting outer ring for SR operation,
respectively. The BEPCII cryogenics system is composed of four sub-systems: the
central cryogenic plant and three satellite cryogenic systems for the RF cavities, the
SCQ magnets, and the SSM detector solenoid. Two 500 W refrigerators serve the
purpose to cool the SC devices at 4.5 K, one for the cavities and another for the
magnets.
If BESIII is not running, the BEPCII rings are used for synchrotron radiation
with a beam current of 250 mA at 2.5 GeV and 150 mA at 2.8 GeV respectively.
1.3 The BES III detector
BESIII is a multi-purpose detector built for the physics explained in Sec. 1.1 with a
set of sub-detectors: the multilayer drift chamber, time of flight detector, an electro-
magnetic calorimeter, a super-conducing solenoid and a muon chamber. The polar
angle coverage of BESIII goes from 21◦ to 159◦ and the solid angle coverage is
∆Ω/4pi = 0.93 [6].
The BESIII detector, shown in Fig. 1.3, can be divided in two part: the barrel,
with a cylindrical simmetry, covering the central region, and the endcap, in the
forward and backward direction.
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BESIII is built around a 1 T superconducting solenoid (SSM). The electromag-
netic calorimeter is located inside the coil of the superconducting magnet which
has a mean radius and length respectively of 1.482 and 3.52 m. The innermost
detector is the multilayer drift chamber (MDC) that surrounds the beryllium beam
pipe, then there is the time-of-flight (TOF) system consisting of two layers of plas-
tic scintillator counters. The CsI(Tl) electromagnetic calorimeter (EMC) is placed
between the TOF and the SSM. The muon identifier (MU) consist of layers of resis-
tive plate chambers (RPCs) inserted in gaps between steel plates of the flux return
joke. The main parameters and performance of the various detector sub-systems
are shown in Tab. 1.2.
Sub-system Value
MDC Single wire resolution (µm) 130
MDC σp/p (1GeV/c) 0.5%
MDC σ (dE/dx) 6%
TOF σT (ps) barrel 100
TOF σT (ps) EndCap 110
EMC σE/E (1GeV) 2.5%
EMC Position resolution (1GeV) 0.6 cm
MU number of layers (barrel/endcap) 9/8
MU Cut-off momentum (MeV/c) 0.4
SSM Solenoid magnet Filed (T) 1.0
∆Ω/4pi 93.4%
Table 1.2: Detector parameters and performance.
1.3.1 The Multilayer Drift Chamber
MDC [1] is optimized to track the low momentum particles (below 1 GeV) with a
good momentum resolution and dE/dx measurement capability with a resolution
of ∼ 4.5% for identifying charged particles. The main function is to reconstruct
charged tracks in 3D space or short-lived hadrons as K0s that decay in the MDC
volume, to provide extrapolated track positions at the other detector components.
The MDC also produces signals for the level 1 triggers to select good physics
events and reject the background. The inner radius is 59 mm and the outer is 810
mm. The gas-mixture is He − C3H8 60:40 with water vapor, it is chosen to min-
imize the multiple scattering effect. The single cell position is around 130 µm in
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Figure 1.3: Schematic drawing of the BESIII detector; the barrel angular coverage is
-83◦ < θ < 83◦ and the endcap is ± 83◦ < θ < ± 93◦.
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the r− φ plane and ∼ 2 mm in the z-coordinate. A 3σ pi/K separation is achieved
up to 770 MeV/c with a 6% dE/dx resolution for particles with incident angle of 90◦.
In the MDC the cell consists of a sense wire surrounded by 8 field wires. The
cell dimension is identical for each cell in different layers in order to keep the gas
gain the same. The single wire resolution is dominated by electron diffusion. In
order to minimize the material the field wires are made of 110 µm diameter gold
plated aluminium and the sense wire are gold plated tungsten with 3% rhenium.
The drift chamber contains 43 sense wire layers arranged as 11 superlayers. Layers
1 to 8 and 21 to 36 have a small stereo angle. Layers 9 to 20 and 27 to 43 are axial.
These layers are divided in inner chamber and outer chamber, as shown in Fig. 1.4.
The measurements are obtained by stereo wire superlayer with stereo angles in
the range of −3.4◦ to 3.9◦.
In multulayer tracking chamber with homogeneously spaced wires layer along
the particle trajectories in a uniform axial magnetic field, the following expression
is used to estimate the transverse momentum resolution :
σpt
pt
=
√(
σwirept
pt
)
+
(
σMSpt
pt
)
(1.2)
where pt is the transverse momentum, σwirept is the momentum resolution of the
position measurements of individual wires and σMSpt is the momentum resolution
contribution due to multiple scattering of tracks inside the tracking chamber. If we
assume pt = 1 GeV/c and B = 1 T, then the expected momentum resolution at 90◦
is
σpt =
√
σwirept + σ
MS
pt =
√
0.32% + 0.35% = 0.47%. (1.3)
This result agrees with the Monte Carlo calculations [7].
The dE/dx performance is studied from the data from the seven outer layers.
The deposited energy distribution has a Landau shape and it is truncated to convert
it to a Gaussian-like spectrum and to reduce the tail fluctuation. A dE/dx resolution
of 4.5% is achieved.
The cross-sectional view of one quarter of the MDC mechanical structure is
shown in Fig. 1.4. The MDC consists of two parts, inner and outer chamber, joined
together at the end plate. The end plates of the outer chamber have two different
shapes, a conical section and a stepped section.
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Figure 1.4: The MDC mechanical structure.
Over the last years the MDC efficiency has been decreasing due to ageing issues
(see Sec. 1.3.6).
1.3.2 Time-of-flight (TOF)
TOF detector systems based on plastic scintillation counters have been very power-
ful tools for particle identification in collider detectors. In addition the TOF system
can provide fast trigger signals.
The system is composed by a double layer barrel plus two endcaps and it is
placed between the MDC and the EMC. Each layer has 88 plastic scintillation
counters. The endcap TOF counters are placed outside the two MDC end plates
[1].
The polar coverage is |cosθ| ≤ 0.82 for the barrel and 0.85 ≤ |cosθ| ≤ 0.95 for the
endcaps. The scintillator length is 2300 mm. The bar cross section is trapezoidal
and the thickness is 50 mm. Two PMTs are attached to the two ends of a barrel
counter and coupled by 1mm thick silicone pads.
The time resolution is determined by the rise time of the scintillation light, the
fluctuations of photon arrival time at the PMT and the transition time spread of the
14 The BESIII experiment
PMT. The average time resolution is 90 ps in the barrel and 120 ps in the endcap.
A 3 σ K/pi separation is a requirement of the TOF.
To improve it a likelihood analysis is used. Combining TOF time resolution and
MDC dE/dx measurement, the efficency of K/pi separation is about 95%.
1.3.3 Electro-Magnetic Calorimeter
The main requirement for the EMC [1] is high energy and position resolution to give
a good e/pi separation and to detect direct photons and those ones from the pi0, η, ρ
decays. The EMC allow also to separate direct photon to those from the decays.
The average photons multiplicity is four per event, similar to the multiplicity of
charged particles. The energy range of photons goes from 20 MeV to the GeV scale.
The EMC is the only one detector that can detect photons and an important
requirement is to reconstruct accurately the pi0 invariant mass in pi0 → γγ, a process
with an opening angle that decreases as the energy increases. At 1.5 GeV the
opening angle is about 10◦.
Charged particles can interact with the calorimeter and generate showers. Every
particles generate a special patterns due the energy deposited. At low energy there
is a misidentification of electrons and pions. High segmentation allows to distinguish
electron showers from hadron showers.
The calorimeter is placed inside the 1T SSM. The CsI(Tl) scintillating crys-
tals are the best choice for the BESIII EMC that must detect low energy photons.
Choices made for the CsI(Tl) calorimeter, including crystal size, length, segmenta-
tion and geometric parameters, are based on physics requirements described above.
The crystal length is 28 cm and there are 6240 crystals arranged as 56 rings.
Each crystal covers an angle of about 3◦ in both polar and azimuth directions. The
barrel and the two endcaps are separated by 5 cm gaps.
The light generated inside the crystals is readout by Hamamatsu S2744-08 pho-
todiodes [6].
1.3.4 Superconducting Solenoid Magnet
The 1.0T SSM [8] allows precise momentum measurements of charged particles.
The steel flux return is used as hadron absorber for hadron/muon separation and
provides the overall structure and support of the BESIII components.
The 0.7 mm diameter NbTi/Cu superconductor strands were formed into the 12
strand Rutherford cable. The total thickness of the coil ground insulator required
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to withstand 2000 V.
Fifteen layers of super insulation films separate the liquid nitrogen thermal shield
and the liquid helium cooled cold mass. The yoke steel is divided into nine layers and
the thickness is chosen to optimize the performance of the muon identification. The
material for the yoke is low carbon steel that has sufficient strength and acceptable
magnetic properties.
1.3.5 Muon Chamber
Identification of muons is of great importance in BESIII physics. The muon detector
needs high identification efficiency with an acceptance as large as possible and a
momentum cut-off as low as possible. As shown in Sec. 1.3.4, the muon chamber
[1] is built in the steel yoke of the SSM. By associating hits in muon counters with
tracks reconstructed in the MDC and energy measured in the EMC, muons can be
identified with low cut-off momentum.
The BESIII muon chamber is made of to resistive plate counters (RPCs) placed
in the steel plates of the magnetic flux return and divided in nine layers. The
RPC modules have readout strips in both the θ and φ directions for reconstructing
charged particle tracks. The average width of the strips is about 4 cm.
1.3.6 MDC ageing issues
Due to beam background, the inner chamber of the MDC shows ageing effect. The
gain of the cells of these detector part is decreasing up to 25% for the first layer
[10].
In order to reduce the dark currents of the sense wires and to use the detector in a
safe region the voltage of the first four layers has been decreased with respect to the
normal values, which result in the decrease of the performance of the detector. This
worsening does not allow the MDC to mantain the required detector performance
in the next years. Fig. 1.5 shows the behaviour of the gain for different years.
If the background remains at the level as the latest years, the gain of the MDC
first layer will decrease about 4% each year, so we can estimate that the gain of the
first layer will become 63% by 2016.
Fig. 1.6 shows the hit efficiency versus the layer number. Due to high degrada-
tion of the first 3 layers the hit efficiency decrease significantly.
Being BESIII an experiment that has to take data at least 8 more years, the
inner part of the MDC has to be changed with a new and more performant inner
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Figure 1.5: Relative gain change versus the layers number for the last 6 years. The MDC
ageing effect is evindet: the first 15 layers have lost gradually their gain.
Figure 1.6: Hit efficiency versus the layer number for the past 3 years. A drop of
efficiency is clear for the first 3 layers due the MDC ageing.
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tracker[9, 10].
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Chapter 2
Cylindrical GEM based Inner
Tracker
A possible solution to the ageing problem of the inner chamber of the MDC would be
to built a new Inner Tracker (IT) consisting of Cylindrical Gas Electron Multuplier
(CGEM) deterctors. A Conceptual Design Report (CDR) [9] with this proposal,
presented at the BESIII Collaboration Meeting of June 2014 and then it has been
accepted by the Executive Board and by the Institutional Board of the collaboration.
The CGEM IT consists of three indipendent tracking layers (L1-L3), each one
has a 2-D readout and it provides a 3-D reconstruction, see Fig. 2.1. Each layer has
a cylindrical shape to fit the required coverage around the beam pipe and it is made
of a triple-GEM, a cathode and an anode plane, according to a design developed by
the KLOE-2 experiment and shown in Fig. 2.3.
The readout anode of each CGEM is segmented with 650 µm pitchXV patterned
strips with a stereo angle that changes depending on the layer geometry. The full
system consists of about 10,000 electronics channels.
This technology allows the construction of a light and fully sensitive detector,
that can match the stringent requirement on the material budget needed to minimize
the multiple scattering effect for low-momentum tracks and improving the current
vertex resolution of the apparatus.
An overview of the project will be presented in this chapter.
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Figure 2.1: The green bars represent the new CGEM IT around a schematic drawing of
the beampipe.
2.1 Requirements
The CGEM IT detector is required to feature significant radiation hardness, high
rate capability, excellent spatial resolution both in the longitudinal and transverse
directions, good time resolution and limited total radiation length.
The space available in the inner part of the BESIII spectromenter is the one
that will be left free by the removal of the inner part of the Drift Chamber (DC): it
is limited and this fact introduces significant constraints on the mechanical design
and on the power dissipation per readout channel.
A Gas Electron Multiplier (GEM) detector offers a technique to address such re-
quirements as radiation hardness and high rate capability: furthermore the building
technique allows a flexible geometry.
To match the available space and meet the BESIII physical requirements, the
upgrade of the inner drift chamber should take into account the following points:
• the radial extension goes from 78 mm to 179 mm and the coverage is 0.93pi;
• the spatial resolution has to be better than 100 µm in the r-φ view and ∼
200 µm in the r-z view to be comparable with the resolution provided by the
current DC-IT;1
• the material budget has to be less than 1.5% of X0;
• the rate capability has to be larger than 4 kHz/cm2;
1z is the coordinate along the beam line, r is the radial coordinate and φ the azimuthal angle.
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• the momentum resolution σPt/Pt ∼ 0.5 % at 1 GeV/c;
• the efficiency of the detector has to be of the order of or better than 98 %.
2.2 State of art
Gas-filled detectors localize the ionization produced by charged particles, generally
after charge multiplication. When an ionizing particle passes through the gas it cre-
ates electron-ion pairs. Multi-wire proportional and drift chambers were the first
detectors to use this physical effect but these are overcome by micro-pattern gas de-
tectors (MPGD) due their limitation by basic diffusion processes and space charge
effects. Modern photolithograpic technology led to the development of MPGD con-
cepts [11]. The Micro-Strip Gas Chamber (MSGC), invented in 1988, was the first
micro-structure gas chamber [12]. It consists of a set of tiny parallel metal strips laid
on a thin resistive support, alternatively connected as anodes and cathodes. Fur-
ther studies led to develope more powerful devices such as GEM and Micromega
[13]. These have improved reliability and radiation hardness. The absence of space
charge effects has upgraded the maximum rate capability (> 106 Hz/mm2) [13].
The GEM foil is made by 50 µm Kapton foil, copper clad on each side, with
a high surface density of holes [14]. Each hole has a bi-conical structure with ex-
ternal (internal) diameter of 70 µm (50 µm); the hole pitch is 140 µm as shown
in Fig. 2.2a. A recent new photolithographic process, the so called single-mask
technology [15], has overcome the limitation given by the double-mask technology.
The single-mask GEM sheets have a sheet width up to 550 µm. The GEM foils are
manufactured by the CERN EST-DEM workshop.
A typical voltage difference of 200 - 400 V is applied between the two copper
sides, giving fields around 102 kV/cm. A good working GEM has a gain of the order
of 100, thus then multiple structures realized by assembling two or more GEMs
at close distance allow high gains to be reached while minimizing the discharge
probability [16]. The cathode and anode foil are made by 50 µm Kapton foil with
a copper cladding of 3 µm on the internal surface and the cathode has a simple
design because it is used to induce the high voltage; on the contrary the anode has
a complex design due to the readout strips. The full anode design is described in
Sec. 2.3.
Electrons released by primary ionization in the conversion region of the GEM
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(a)
(b)
Figure 2.2: a) Picture of the GEM hole cross section with biconical shape. Dimensions
are shown in the figure. b) Triple GEM schematic drawing.
drift into the holes, where charge multiplication occurs in the high electric field.
Several GEM foils allow to operate at overall gas gain above 104. The typical lay-
out of a triple GEM detector is shown in Fig. 2.2b. Together with the three GEM
foils, providing the amplification, the cathode and the anode complete the design;
the former provides the drift field and the latter is segmented in strips and collects
the charge. With this geometry four regions are defined: drift where the primary
electrons are mainly produced, transfer 1 and 2 the regions between the GEMs plane
and the induction region where the electrons are collected. The performance and
robustness of GEM detectors motivate their use in high-energy and nuclear physics.
COMPASS [17], a high luminosity experiment at CERN, pioneered the use of
large-area planar triple GEM (∼ 40 x 40 cm2) close to the beam line with a particle
rate of 25 kHz/mm2. The technology achieved a tracking efficiency close to 100%,
a spatial resolution of ∼ 70 µm and a time resolution of the order of ns. The GEM
tracking detector for COMPASS shows that the triple GEM technology allows to
reduce by more than one order of magnitude the probability of a gas discharge due
by the fact that, for a given gain, the triple GEM can be operated at much lower
voltages over each GEM foil so a gain of ∼ 8000, high value for a gas detector, can be
achieved and have a better S/N ratio. COMPASS is working with an analog readout
digitized by a 10-bit ADC: on each channel the charge depositated is measured and
used to weigh the signal deposited over the strips. GEM detectors are also used in
LHCb as trigger in the Muon Chamber and as tracking in the TOTEM Telescope.
The main difference between the COMPASS detector and the BESIII CGEM is
the magnetic field: COMPASS achieved these results without magnetic field. The
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Figure 2.3: A schematic representation of the different planes in each layer from KLOE-2.
gas mixture choosen is Argon-CO2 (70:30)2 because it allows low diffusion and large
drift velocity of electrons and non-polymerization in case of discharge. The gaps
configuration is 3/2/2/2 (drift/trasfer1/transfer2/induction) and a strip pitch of
400 µm in XY view.
The KLOE-2 Collaboration built the only existing cylindrical GEM based de-
tector [18, 19] consisting of 4 cylindrical tracking layers. Each layer consisting of
5 coaxial cylindrical electrodes, all made of kapton: the cathode, the three GEM
stages and the anode readout, see Fig. 2.3. Due to GEM foil area limitations the
cylindrical electrodes are realized gluing three identical foils, applying epoxy on a 3
mm wide region. The large foil is then wrapped on an aluminium mandrel coated
with a very precisely machined 400 µm thick Teflon film. In order to keep the elec-
trode on the mandrel, during the curing of the epoxy, a vacuum bag system is used
to obtain the cylindrical shape given by the mandrel. Anode and cathode electrodes
are mounted on a Honeycomb structure that provides the structural support to the
detector.
The mechanical support of the chamber is composed by annular flanges made
of permaglass placed on the edges of the cylinder.
The gaps geometry is 3/2/2/2 and the filling gas the Argon-CO2. The detector
is placed around the beam-pipe and it is working in a magnetic field of 0.52 T.
2from now on, Argon-CO2 (70:30) will be referred as Argon-CO2
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The operating gain is 2 × 104 and the readout is formed by XV strips with a 650
µm pitch and it is equipped with a dedicated chip: GASTONE [20], a 64 channels
chip featured by a low input equivalent noise and a low power consumption, gave a
monostable stretched digital signal.
The XV stereo angle depends on the layer geometry. It is alternatively positive
and negative to reduce the combinatorial background in multi-tracks events. The
full system consists of about 104 electronics channels.
The BESIII CGEM IT will take some of the features of these two detectors: it
will use an analog readout of the charge deposited by the ionizing particle as COM-
PASS with a cylindrical shape used in the KLOE-2 CGEM. The main differences
with the previous GEM detectors are given by the requirements of the BESIII ex-
periment: an r-φ spatial resolution at the level of 100 µm combined with a magnetic
field of 1 T.
2.3 BESIII innovations
With respect to the state of art, few important innovations are implemented in the
BESIII design.
The innovative aspects are mainly related to the following three items:
• lighter material for the mechanical structure;
• the anode design;
• analog readout mode.
2.3.1 Rohacell
The manufacture of the anode and cathode structures adopt a new technique to
minimize the material budget with respect to the current state of the art of the
detectors. The Rohacell [21] is the trade name of a PMI-based structural foam that
is used in fiber composite technology and whose main characteristics are excellent
mechanical properties over a wide temperature range, even at low densities, high
temperature resistance up to 220 ◦C, unique compressive creep behavior for pro-
cessing up to 180 ◦C and 0.7 MPa, excellent dynamic strength and cell sizes that
can be tailored for each processing method. Rohacell’s homogenous cell structure
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provides zero print through to the composite face sheets leaving a class A surface
finish every time.
Rohacell is avaible in different densities. During the construction in Ferrara we
used 31 IF/IG-F type, which is the lightest one, having a density of 32 kg/m3 and
available in foils of different dimensions and thickness. A thickness of 2 mm is suit-
able for the application of the cathode and 4 mm for the anode.
Building the supports for the sub-layers made of Rohacell insted of the Hon-
eycomb allows to reduce the total radiation length significantly while maintaining
the mechanical robustness. Moreover the Rohacell is more homogenous than the
Honeycomb and that is another advantage for the tracking system.
The combination of Rohacell support structure and the anode configuration
makes the CGEM IT an incredibly light detector with a total radiation length of
about 1% of X0. Additional contribution to the X0 comes from a Faraday cage
(0.0042 of X0). The material budget calculation is reported in Tab. 2.1, 2.2 and
2.3.
Matherial Thickness (µm) Fill factor Radiation length (% of X0)
Kapton 12.5 1 0.004375
Rohacell 1000 1 0.007
Kapton 12.5 1 0.004375
Rohacell 1000 1 0.007
Kapton 12.5 1 0.004375
Kapton 50 1 0.0175
copper 3 1 0.021
Total / / 0.065625
Table 2.1: Material budget calculation for the CGEM-IT cathodes.
Matherial Thickness (µm) Fill factor Radiation length (% of X0)
copper 3 0.8 0.0168
Kapton 50 0.8 0.014
copper 3 0.8 0.0168
Total / / 0.0476
Table 2.2: Material budget calculation for the CGEM.
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Matherial Thickness (µm) Fill factor Radiation length (% of X0)
copper 3 1 0.021
Kapton 50 1 0.014
Rohacell 2000 1 0.014
Kapton 12.5 1 0.004375
Rohacell 2000 1 0.014
Kapton 50 1 0.0175
copper 3.5 0.87 0.021315
Kapton 50 0.2 0.0035
copper 3.5 0.2 0.0049
Total / / 0.11809
Table 2.3: Material budget calculation for the CGEM-IT anodes.
2.3.2 Anode design
The anode design is developed on the basis of the readout used by the Compass
experiment with some improvements.
The readout anode circuit is manufacted from 3 µm copper clad over 50 µm
thick polymide substrate, the same used for GEM foils. Two foils with copper seg-
mented in strips are used to have the two dimensional readout. The strip pitch is
650 µm, 570 µm wide X-strips are parallel to the CGEM axis, providing the r-φ
coordinates; while the V-strips, having a stereo angle with respect to the X-strips,
are 130 µm wide and, together with the other view, gives the z coordinate. The
stereo angle depends on the layer geometry and will be 45.9 ◦ for layer 1, -31.1 ◦ for
layer 2 and 33.0 ◦ for layer 3.
A new layout, with jagged-strip as shown in Fig. 2.4 on the left side, has
being studied to minimize the strip capacitance with respect to the linear-strip
configuration, shown in Fig. 2.4 on the right side, by about 30% due to the reduction
of the overlapping area between the strips of different views (as shown in Fig 2.5)
[9]. The comparative analysis of the capacitance couplings of the two configurations
is performed by means of Maxwell simulations [22].
Another difference respect to the KLOE-2 design is the ground plane distance,
increased from 0.2 mm to 2 mm in order to reduce the capacitance coupling between
the strip planes and the reference voltage. A Rohacell structure will fill the space
between the readout plane and the ground.
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(a) (b)
Figure 2.4: Anode layout for XV strips with straight (a) and jagged strips (b) that
minimizes the capacitance coupling.
(a) (b)
Figure 2.5: Simulations of the strip capacity for for prototype of different dimensions
in linear (blue) and jagged (red) layout between two single adjacent strips (a) and XvsV
strip (b).
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2.3.3 Analog readout
Digital and analog readout have been investigated to reach the required spatial
resolution ≤ 100 µm. The latter identifies clusters by detecting adjacent strips
with a signal above a fixed threshold; the reconstructed position of the track is
the geometrical center of the cluster and the resolution is (roughly) defined by
the ratio pitch/
√
12. The analog readout method, on the other hand, allows to
set both a threshold on the single strips and a threshold on the total charge then
improving the ghost hit rejection (a ghost hit is an over threshold cluster due to
noise). Moreover, the strip collected charge encoding allows the reconstruction of
the charge centroid, then boosting the resolution above the pitch/
√
12 ratio of the
binary readout method. The binary readout front-end manages a simple single bit
information per strip while the analog readout front-end requires the encoding of
the collected charge and a more complex readout chain.
2.4 Mechanical design
The mechanical design that provides the detector support of the three CGEM lay-
ers starts by the cylindrical electrodes structure. To obtain a cylindrical shape a
different mandrel is used for each electrode, 15 in total. Detail of the five electrodes
and the assembly technique are described in the following sections.
2.4.1 Detector elements
2.4.1.1 Cathode
The cathode is the innermost electrode. The foils are produced by the CERN
EST-DEM workshop as polyimide foils, 50 µm thick, with a copper cladding of 3
µm on the internal surface. Layer 1 needs one foil and the other layers two. The
cathode cylindrical structure made of two 1-mm Rohacell layers. Rohacell foils, cut
in helicoidal shape, are rolled around the mandrel; two helicoids, left- and right-
handed, are needed to give the robustness of the structure. A 12.5 µm thin Kapton
foil is placed between Rohacell layers to allow a better gluing.
The Rohacell is machined very precisely to 1 mm of thickness through a lathe.
The cathode is glued on top of this structure. Annular flanges of permaglass placed
on the edges of the cylinder provide the mechanical support of the chamber. These
rings house the gas inlets and outlets and their thickness defines the space of the
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gap between the cathode and the first GEM.
2.4.1.2 GEM
In layers 2 and 3, two GEM foils are spliced together in order to realize one single
electrode. In order to limit the capacitance and hence the energy released through
the GEM hole in case of discharges, each foil has independent high voltage sectors.
Each foil is divided in sectors, 40 for layer 1 and 2, and 60 for layer 3.
A special assembling technique has been developed to obtain cylindrical GEM
electrodes: two GEM foils are glued together on a plane to obtain the single large
foil needed to make a cylindrical electrode. Epoxy is applied on one of the sides
of the GEM foil, then the foil is rolled on an aluminum mandrel coated with a
very precisely machine. The mandrel is inserted in a vacuum bag and the vacuum
provide the uniform pressure over the whole surface. The other electrodes (anode
and cathode) are built similarly.
2.4.1.3 Anode
The anode is manufactured by the CERN EST-DEM as two layers of 50 µm thick
Kapton foils with 3.5 µm copper strips, providing a 2-D readout. The strip pitch is
650 µm and is the same for X and V view3. The azimuthal coordinate is provided
by the X-strips with a width of 570 µm and the other coordinate is given by the
V -strips, with a width of 130 µm. The intersection between the X and V strips
has a stereo angle that depends on the layer geometry. The strip dimensions are
chosen in order to equally share the charge on the strips of the two views, while their
pitch allows the achievement of the required spatial resolution keeping the number
of channels manageable. The anode plane is rolled on the mandrel and then two
2-mm Rohacell layers are glued on top of it, with a 12.5 µm Kapton foil between
them. At the end the ground plane is glued. As for the cathode and for the GEM,
also for the anode a special set of Permaglass annular rings is placed on the edges
of the cylinder.
3V is the diagonal coordinate. The angle is given by the detector geometry
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2.4.2 Assembly technique
A special assembling technique has been developed to obtain cylindrical GEM elec-
trodes: two GEM foils are glued together on a plane to obtain the single large foil
needed to make a cylindrical electrode. Epoxy is applied on one of the sides of the
GEM foil, then the foil is rolled on an aluminum mandrel. The mandrel is inserted in
a vacuum bag and the vacuum provide the uniform pressure over the whole surface.
The other electrodes (anode and cathode) are built similarly. The five electrodes
are extracted from the mandrels along the vertical direction by using a PVC ring,
fixed with pins to one of the annular flanges of the cylinder, and then are inserted
one into the other. To accomplish the insertion of the electrodes without damaging
the GEMs, a dedicated tool has been realized: the Vertical Insertion System (see
Fig. 2.6).
2.5 Cathode’s structure construction at Ferrara
The detector manufacture starts from the layer 2. The 5 different sub-layers (cha-
tode, 3 GEMs, anode) will be constructed separately and then it will be assembled
together by the specific vertical insertion system, shown in Fig. 2.6.
The whole cathode structure of layer 2 is manufactured in Ferrara. The mandrel
is the fundamental tool, shown in Figs. 2.8a and 2.8b: a cylinder of aluminium with
a teflon layer that works as a mold for the structure. It consists of a cylindrical
surface. 820 mm in length and a 770 mm in circumference, its dimensions begin
determined by the inner radius of the layer 2, plus two aluminium rings and an
internal gas line used by the vacuum system. An anodizing and teflon treatment is
performed to prevent the oxidation.
In the vacuum technique the mandrel is covered with a cylindrical vacuum bag
and the air dispersion is sealed up with butyl rubber. The vacuum is pumped
from inside down to few mbar, equivalent to ∼ 1 kg/cm2, for 12 hours. Using this
technique the gluing procedure is very successful and it allows to obtain a very
precise cylindrical shape for the Kapton and Rohacell foils with a tolerance of 1
◦/◦◦.
The Rohacell foils need to be prepared before the use: any dust is removed by
means of a hoover then they are cut from 2500 × 1200 mm2 surface to a helicoidal
shape. The two Rohacell foils are rolled around the molds, once clockwise and then
anti-clockwise in order to have a higher rigidity. For a better gluing, a 12.5 µm
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(a)
(b)
Figure 2.6: Isometric view of the Vertical Insertion System, drawing (a) and picture (b).
Figure 2.7: Stratigraphy of the cathode of the layer 2 built in Ferrara (right) with a
drawing of the different layers used (left) and their dimensions and radiation leghts.
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thin, Kapton foil is placed between the Rohacell and the other surfaces (mandrel,
another Rohacell foil, electrode).
The stratigraphy from the inner side to the outer is Kapton, Rohacell, Kapton,
Rohacell and electrode.
The gluing is performed by a transfer technique with Mayer foil with an Araldite-
based epoxy. During the gluing, each layer is fixed around the mandrel with the
vacuum pump and the cylindrical bag.
The standard Rohacell foil thickness is 2 mm. To reduce it to 1 mm a specific
lathe is used, with a precision of tens µm, at INFN laboratory in Legnaro.
The final result, without the electrode, weighs 180 g and it is shown in Fig.
2.7.Fig. 2.8 shows the different steps of the construction: on the top the mandrel,
the first Kapton layer, the Rohacell layer, the vacuum technique and on the bottom
a picture during the operation with the lathe.
2.6 Front-end electronics
The front-end electronics will be located on the detector, then both dimensions and
power dissipation are issues that must be considered in the design. The board di-
mensions are mainly dominated by the strip connector and the preamplifier (ASIC)
protection circuit, while the power dissipation is strictly related to the ASIC circuit.
Therefore, the single channel power consumption must be as lower as possible .
Each preamplifier boards will host two ASICs, 64 channels each one, for strips
readout. The devices must provide a low sensitivity to the input capacitance (i.e.
a series noise contribution of the order of 40 erms/pF), as well as good gain (of the
order of 4-5 mV/fC in the head-stage preamplifier) and the capability to sustain the
foreseen single channel rate.
Although, the wide spread of the input capacitance (due to the different V strips
lengths) does not allows a fully optimization of the head/shaping stages, efforts have
been devoted to minimize the readout electrode parasitics and, as a consequence,
the parasitic spread. Because the strip capacitances are dominated by the two
view cross-capacitance, a study has been carried out using Maxwell simulator to
investigate the possibility of decreasing the coupling as shown in Sec. 2.3.2.
A further critical point in the front-end chain design consist in the single strip
input rate (signal + background). A high input rate would require a baseline restorer
before the ASIC analog to digital conversion stage to limit the offset fluctuation and
also deeper buffers in the readout boards then increasing the time required to find
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(a) (b)
(c)
(d)
(e)
(f)
Figure 2.8: a) and b) the aluminium mandrel with the teflon treatment, the permaglass
and the two aluminium rings. c) Kapton foil. d) Rohacell foils. e) The vacuum bag during
the gluing procedure. f) The working lethe at INFN-Legnaro.
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the event correct window. An estimation of the single strip maximum rate will be
presented in Sec. 3.
The analog readout chosen for the BESIII CGEM-IT requires the development
of a custom ASIC, in fact the GASTONE ASIC [20] used to instrument the KLOE-2
CGEM-IT cannot be used because delivers only a single bit information per strip.
The moderate charge resolution required by the GEM detector makes the use of
the Time-over-Threshold (ToT) technique, already used in [23, 24], an attractive
solution for data digitization. A ToT system is very similar to a simple binary
one and it consists of a front-end amplifier followed by a threshold comparator.
The charge information is preserved by encoding the duration of the discriminator
output pulse. When the signal crosses the threshold, the comparator fires and
the corresponding time is captured by the digital logic and provides the event time-
stamp. The trailing edge of the signal is also stored to allow to measure by difference
the total pulse length. By properly designing the analog circuitry, it is possible to
maintain an adequate linearity.
Chapter 3
Background studies
Background studies allow to extract the occupancy of the strips of the CGEM IT
which is an important parameter for the detector optimization and for design of
the front-end electronics. Background rates from this study will be used also to
perform simulations of real data analysis to evaluate the expected performance of
the CGEM-IT.
Experimental investigations show that the beam related background of the MDC
in BESIII experiment come from the beam gas interaction and the Touschek effect,
which depend on the machine status, especially at high beam currents [9].
Real background events are acquired during the data-taking at different energy
scale and time. These data are acquired using the random trigger and usually are
used to simulate the background during the simulations. Each data run has its own
raw random trigger data.
The background level expected for the CGEM detector can be extracted from
measurement of the occupancy of each wire in the MDC of the random trigger
events scaled by a factor, that depends on the different geometry and material, that
can be extracted from a Monte Carlo simulation.
3.1 BESIII Offline Software
The BES-III Offline Software System (BOSS) uses the C++ language and object-
oriented techniques and runs primarily on the Scientific Linux CERN (SLC) oper-
ating system. BOSS provides simulation, reconstruction, calibration and analysis
tools. The BOSS framework is based on the Gaudi package [25]. In the background
studies BOSS is used to analyze the data from the random trigger to study the
36 Background studies
noise level for each MDC layer.
The Bhlumi [26] and Bhwide [27] QED algorithm generators are used to generate
the Bhabha scattering process e+e− → e+e− + nγ. These are full energy scale
generators, the Bhlumi generator is suitable for generating low angle Bhabha events
(θ < 6◦), while the Bhwide generator is intended for wide angle Bhabha events (θ
> 6◦). The use of this process is enough for our purpose since the MC is only used
to scale the rates from MDC data to the different detector design. The effect of
different angular distributions on the scale factor has been checked using different
processes for which we found deviations less than 20%.
A GEANT4 [28] model of the CGEM IT was already developed with geometry
and material close to the final design and a proper BOSS software is being devel-
oped from Chinese and Italian team. These tools allow to simulate the interaction
between the particles and the CGEM detector.
3.2 Present and expected backgrounds
Raw data of different runs have been taken into account. To extract the occupancy
of the MDC channels, the information about the MDC geometry has been used: 43
layers with a number of wires that goes from 80 (inner layer) to 576 (outer layer),
a wire length from 780 mm to 2308 mm and a radial position from 78.85 mm to
763.45 mm.
The trigger window is 2.0 µs so using the occupancy information from each wire
it is possible to calculate the rate/wire for each layer versus the distance from the
beam-line (radius). A single raw data is shown in Fig. 3.1: the nearest layers are
more noisy with respect to the others. The rate/wire on the first layer is around 80
kHz and it corresponds to a density rate on this layer of 0.17 kHz/cm2.
Since the background level is mainly related to machine conditions and beam
parameters we calculated the average wire rate of the MDC innermost layer for
runs belonging to different recent running periods and energy beams (Fig. 3.2).
The measured rate/wire on the first layer goes from 40 kHz to 80 kHz from 2011
to 2014. Older data are more noisy because of bad condition of the machine back-
ground.
The expected background rate on the CGEM IT can be estimated by combining
the MDC background data with Monte Carlo (MC) simulations. The geometry
and the materials difference are taken into account by GEANT4 full simulations.
3.2 Present and expected backgrounds 37
Figure 3.1: Average rate per wire on the inner drift chamber as function of the radius.
Each point represents a layer. The inner drift chamber is composed by the first eight
layers.
Figure 3.2: Average rate per wire on the first layer of the drift chamber for different
running periods and energy beams.
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Figure 3.3: Expected average rate per X-strip on the CGEM IT as function the radius.
Two sample of MC data performed by the generator described in Sec. 3.1 simulate
Bhabha events and the two detectors response. Bhlumi and Bhwide allow to check
the different effect of different angular distributions: this difference is less than 20%.
The expected strip rate for the CGEM IT is computed as:
RexpGEM(r) = R
data
MDC(r)×
RMCGEM(r)
RMCMDC(r)
(3.1)
where RexpGEM(r) is the expected rate per strip on the CGEM IT as function of
the radius. RdataMDC(r) is the MDC wire rate measured from random trigger data and
RMCMDC(r) and RMCGEM(r) are the related quantities extracted from the MC simulation.
Quantities from the MDC are interpolated to match the radii of the CGEM planes.
For the CGEM only the X strips (parallel to the beam axis) are considered.
The values for the three CGEM layers are reported in Fig. 3.3: for the innermost
layer the rate/strip is expected to be ∼ 9.5 kHz. This result is consistent by scaling
the MDC rate/wire by the ratio of the strip/cell size and considering a CGEM strip
multiplicity of 3.
A safety factor x6 has to be considered in order to take into account the approx-
imation in the description of the detector in the digitization, systematic error due
the distribution and luminosity increase. In conclusion the maximum rate expected
3.2 Present and expected backgrounds 39
for the CGEM IT is about 60 kHz per strip.
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Chapter 4
CGEM Monte Carlo simulations
The Monte Carlo simulation is of a paramount importance to understand and to
study the properties and the performance of the detector before starting the actual
construction. BESIII has a full GEANT4 [28] simulation describing the detail of
the components of the detector and the accelerator elements, and the interaction
between the particles and the detector material. The GEANT4 simulation requires
input for the hit digitization that has to be provided by the prototype test and more
specific simulations of the electron amplification inside the gas volume. The latter
is provided by Garfield++, a simulation tool that will be described in Sec. 4.1.
4.1 Garfield modeling of the detector
Garfield++ [29] is a toolkit for the detailed computational simulation of detectors
which use gases or semi-conductors as sensitive medium. The main area of appli-
cation is currently in micropattern gaseous detectors like Micromegas and GEM.
Garfield++ shares functionality with Garfield, previous version written in FOR-
TRAN, for field simulation and for transport and ionization in gas mixtures. The
main differences are the updated treatment of electron transport in gases and the
user interface, which is derived from ROOT.
Garfield++ uses several additional tools during the simulation such as:
• Magboltz that solves the Boltzmann transport equations for electrons in gas
mixtures under the influence of electric and magnetic fields.
• Heed that generates ionization patterns of fast charged particles. Its core is
a photo-absorption and ionization model. Heed in addition provides atomic
relaxation processes and dissipation of high-energy electrons.
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• an interface with the finite element program Ansys as basis for Garfield++
electric field calculations.
Ansys [30] is a finite element simulation software for static, dynamic and ther-
mal problems. It can compute the electric field in the space node-by-node, given
a certain geometry and potential at the electrodes. Garfield++ can use as input
files the field maps produced by Ansys. Typical node number is ∼ 105, using a
mesh-refinement process it is possible to increase the precision.
Unfortunately Garfield++ cannot reproduce correctly the gas gain due to the
charging up effect that is not properly reproduced by the simulation. Therefore we
use it mainly to extract the size and the shape of the electron cloud at the anode
to compare different configurations.
Due to huge time consumption of such simulations (e.g. a single events where a
charged particle interacts with the detector need about a day of computation with a
normal computer) a computer farm of 200 cores has been provided by INFN-Torino
to run the production.
In the further sections the simulation results of the gas behaviour and the re-
sponse of the detector to the charged particles will be shown. The charge distribu-
tion of the avalanche electrons at the anode allows to extract the cluster multiplicity
and the drift properties of collected charge that will be used as input of the hit dig-
itization.
4.2 Gas properties calculation
In the CGEM IT the gas is the main object which the charged particles interact: the
ionized charge is produced and the coordinate is determined by the measurement
of the center of gravity of the collected charge. The drift velocity and the gas gain
differ from gas to gas.
Once the ionization takes place, under the influence of the applied field, electron
and ion drift in opposite directions and diffuse towards the electrodes. The scatter-
ing cross section is determined by the details of atomic and molecular structure.
The drift velocity and diffusion of electrons depend very strongly on the nature
of the gas, specifically on the inelastic cross-section involving the rotational and
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vibrational levels of molecules. In noble gases the inelastic cross section is zero
below the excitation and ionization threshold [13] and the multiplication occurs at
much lower fields than in complex molecules. Therefore, convenience of operation
suggests the use of a noble gas as the main component. The excited noble gases
can return to the ground state only through a radiative process and the minimum
energy of the emitted photon (11.6 eV) is above the ionization potential of the metal
constituting the cathode (7.7 eV). Then these photons have to be absorbed because
new electrons can be extracted and start a new avalanche.
Adding polyatomic gases, such as CO2 or C4H10, the drift velocities increase
because of their large inelastic cross sections at moderate energies, which result in
"cooling" electrons into the energy range of the Ramsauer-Townsend minimum ( ∼
0.5 eV ) of the elastic cross-section for Argon. The reduction in both the electron
energy and the total electron scattering cross-section results in a large increase of
electron drift velocity.
Another role of the polyatomic gas is to absorb the ultraviolet photons emitted
by the excited noble gas atoms.
Thanks to collections of experimental data [31] and theoretical calculations based
on transport theory [32], drift and diffusion properties can be estimates in pure gases
and mixtures. As first approximation, the drift velocity v is described as a function
of the mean collision time τ and the electric field E: v = eEτ/me (Townsend’s
expression). Another theory, the friction force model, provides an expression for
the drift velocity v as function of electric and magnetic field vectors E and B, of
the Larmor frequency ω = eB/me and of mean collision time τ :
v =
e
me
τ
1 + ω2τ 2
(
E +
ωτ
B
(E×B) + ω
2τ 2
B2
(E ·B)B
)
(4.1)
The electron velocities and diffusion parameters can be computed with MAG-
BOLTZ.
Fig. 4.1 shows the behaviour of the longitudinal and transverse diffusion, and
of the drift velocity as function of the electric field for two different gas mixtures
(Argon-CO2 and Argon-C4H10). The latter gas mixture is slower than the former
and the transverse diffusion is bigger, therefore a larger avalanche size is expected
for Argon-C4H10 (90:10) 1 mixture.
1from now on, Argon-C4H10 (90:10) will be referred as Argon-C4H10
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(a) (b)
(c)
Figure 4.1: Magboltz simulation results for Argon-CO2 and Argon-C4H10 mixtures as
function of the electric field. a) Longitudinal drift. b) Transversal diffusion. c) Drift
velocity.
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The detected charge depends on the potential differences between the electrodes
[33]:
• at low voltage, charges begin to be collected but recombination is still the
dominant process;
• at a certain voltage, called threshold voltage, the field is large and the process
of multiplication occurs in a proportionality regime;
• at high voltages this proportionality is gradually lost;
• at even higher voltages starts a region of saturated gain, Geiger-Müller region,
which introduces prohibitive dead-times for the electronics.
Above a gas-dependent threshold, the mean free path for ionization, λi decreases
exponentially with the field; its inverse, αT = 1/λi, is the first Townsend coefficient.
Townsend coefficient is defined as the number of ions produced per unit path by a
single electron. In uniform fields, the electron avalanche size N can be described
as a function of αT , the length x and the initial electron number N0: N = N0eαT x;
N/N0 is the gain of the detector. Simulation results are shown in Fig. 4.2a
In order to work at the highest possible gains, without entering into the Geiger-
Müller region, the Argon has to be mixed to other gases because it doesn’t allow
gains in excess of 103-104 [33]. Polyatomic molecules, blocking secondary emission
due to Argon recombination with the cathode and absorbing photons, allow to reach
gains greater than 104 without discharge.
During the drift there is a probability that an electron is absorbed by the gas.
This effect is described by the attachment coefficient, it corresponds to the probabil-
ity that an electron drifting through a gas under the influence of a uniform electric
field will undergo electron attachment in a unit distance of drift. Simulation results
in Fig. 4.2b show that this effect takes place with an electric field between 6 × 103
V/cm and 106 V/cm. No significant dependence on magnetic field is shown.
4.3 Triplegem simulations with Garfield++
4.3.1 Ansys cell
To simulate the CGEM geometry a planar standard of triplegem is considered be-
cause the size of involved holes in a single avalanche is very small with respect to
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(a) (b)
Figure 4.2: Townsend (a) and Attachment (b) coefficients from Magboltz simulation
that describe the main parameters of the electron multiplication in gases.
the curvature of the cylinder, then the approximation is good. Each hole is bicon-
ical with an inner (outer) hole of 55 µm (70 µm) and a pitch of 140 µm. Three
close holes create an equilateral triangle so the cell shape is given by Fig. 4.3. This
geometry is optimized to maximize the gain and the transparency by data from
experiments [34] and simulations [36].
Each GEM is composed by a 50 µm Kapton thickness and 3 µm copper foils
for each side. Three cells are placed at 2 mm distance plus 2 more electrodes for
the cathode and the anode. The full geometry is 3/2/2/2 (cathode/ transfer1/
transfer2/ transfer3/ anode). In the simulations, a replication of the cell along x
and y is used to create a larger plane. The electric field and the drift direction are
along the z coordinate.
4.3.2 Fields
In Sec. 4.2 the gas properties as function of the electric field have been studied.
These results are used to set the correct field between the electrodes. A field of
1.5 kV/cm is used in the conversion region, 3 kV/cm in the transfer regions and
5 kV/cm in the induction region. These values optimize the gain and the electron
collection at the anode [31].
Between the two GEM’s electrode potential differences of 390/380/370 V (1140
V) are used in order to obtain an applied field of ∼ 105 V/cm in Argon-CO2
(285/275/265 V = 825 V in Argon-CC4H10). In this regime electron multiplica-
tion takes place. In Fig. 4.4 and X − Z picture shows the potential for the full
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Figure 4.3: Ansys GEM cell to replicate along the x and y coordinate to obtain a GEM
plane. The geometry recreate iso-separeted holes with biconical shape.
triple GEM (on the left) and a single hole (on the right).
4.3.3 Simulations of the detector response
1 GeV/c muons and pions are used to simulate, with Garfield++, the detector re-
sponse to minimum ionizing particle (m.i.p.); the Heed program generates primary
electrons along the particle track and the field takes care of the drift to the anode.
When the electrons cross the GEM holes, the multiplication occurs.
Fig. 4.5 shows the electrons drift and the charge distribution at the anode for
Argon-CO2 gas mixture with and without magnetic field.
In Fig. 4.5a the avalanche propagates parallel to the field direction producing
a gaussian charge distribution at the anode. The distribution is approximately
centered at zero and the width distribution is about 180 µm.
Due to the magnetic field effect, in Fig. 4.5b, the displacement due to the
Lorentz force in the avalanche simulations is evident, and the charge distribution is
moved with respect to the case B = 0 T by more than 2 mm (see Fig. 4.5d). The
Lorentz angle is measured to be about 15◦ and the shape is still quite gaussian with
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Figure 4.4: Potential used during the simulation in Argon-CO2 in X−Z representation.
Different colours show different values. Full triple GEM is shown in (a) and a focus on a
single hole in (b).
a tail due to transverse drift.
The simulation framework produced is used to compare the results of different
detector configurations as reported in the next section.
4.3.4 Analysis of different detector configurations
In addition to the baseline design, 3 mm of conversion gap and Argon-CO2 gas
mixture, other configurations have been simulated for a comparison with the beam
test results. Such configurations include combinations of a different conversion
region of 5 mm and different gas mixtures, such as Argon-C4H10.
Increasing the conversion region from 3 mm to 5 mm, a broadening of the elec-
tron avalanche is expected at the anode, producing a higher cluster multiplicity but
on the other hand increasing the statistical fluctuations of the charge.
Changing the mixture from Argon-CO2 to Argon-C4H10 slightly increases the
primary electron, due to the different dE/dx behaviour and allows to decrease the
applied voltage reducing the discharge probability, as show in Fig. 4.6.
Eight different configurations are studied and the results are summarize in Tab.
4.1: for each of the eight configurations analyzed the mean center and width of the
electron avalanche are extracted from a gaussian fit to charge distribution of the
simulated event, (see for example Figs. 4.5c and 4.5d).
The Lorentz angle is calculated from the center value with and without magnetic
field and the cluster multiplicity is extracted by means of toy Monte Carlo simulating
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(a) (b)
(c) (d)
Figure 4.5: Garfield simulations in Argon-CO2 gas mixture and 3 mm conversion gap.
On top a picture of the avalanche drift simulations with (b) and without (a) magnetic
field. The bottom plots their charge distribution at anode for B = 0 T (c) and B = 1 T
(d). The displacement and the broadening of the electron distribution is can be notice.
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(a) (b)
Figure 4.6: Gain value and discharge probability for different gas mixtures from experi-
mental data (GDD [35]).
the readout plane 2.
4.3.4.0.1 Magnetic field effect. As already said, the magnetic field has the
effect of broadening and displacing the electron avalanche, increasing the cluster
multiplicity. For all the configurations the width of the charge distribution increases
from a factor 1.6 to 2.2, and the displacement changes from 2.3 mm to 3.6 mm. As
expected the charge distribution along the direction parallel to the magnetic field
is unchanged.
4.3.4.0.2 Conversion gap effect Changing the conversion region from 3 mm
to 5 mm a broader electron avalanche is expected. Simulations with different ge-
ometries are performed for B = 0 T and B = 1 T and for different gas mixtures.
The analysis parameters are shown in Tab. 4.1. Fig. 4.7 reports, as an example,
the comparison between the charge distributions at 1 T for one event with the gap
of 3 mm and 5 mm.
The average displacement at 1 T is 370 µm (Argon-CO2) and 427 µm (Argon-
C4H10); due to the larger conversion region the avalanche has 2 mm more to drift in
the direction given by the Lorentz angle. The larger effect on the electron avalanche
size is for the 5 mm configuration with Argon-C4H10 gas mixture which provides a
multiplicity of 3.77 .
2A toy Monte Carlo is used to extrapolate the multiplicity information given the electron charge
distributions from the Garfield simulation. A guassian distribution is generated with total charge
normalized to the charge expected from dE/dx calculation, and the correct strip geometry (pitch).
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Figure 4.7: Charge distribution at the anode for 3 mm (blue) and 5 mm (red) conversion
gap with Argon-C4H10 gas mixture.
(a) (b)
Figure 4.8: Charge distribution at the anode for Argon-CO2 (blue) and Argon-C4H10
(red) with 3 mm (left) and 5 mm (right) conversion gap.
4.3.4.0.3 Gas mixture effect Comparing the 3 mm simulation (Fig. 4.8a) at
1 T, the Argon-C4H10 displacement is about 800 µm higher than for the Argon-CO2,
and its multiplicity (3.56) is roughly a factor 1.3 larger. The increase is expected
by the gas drift properties discussed earlier in this chapter. For the 5 mm simula-
tion (Fig. 4.8b) the increasing of the displacement for Argon-C4H10 gas mixture is
slightly higher than for the multiplicity.
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Gas Conversion Magnetic ∆X (µm) σ (µm) Lorentz Cluster
Gap field (T) angle (◦) multiplicity
Argon-CO2 3 0 38 ± 72 182 ± 18 / 1.9
Argon-CO2 5 0 -10 ± 65 232 ± 60 / 2.2
Argon-C4H10 3 0 -23 ± 63 324 ± 32 / 2.6
Argon-C4H10 5 0 20 ± 75 308 ± 41 / 2.5
Argon-CO2 3 1 2315 ± 470 348 ± 88 14.9 2.7
Argon-CO2 5 1 2695 ± 392 511 ± 265 14.2 3.6
Argon-C4H10 3 1 3131 ± 357 512 ± 131 20.3 3.6
Argon-C4H10 5 1 3558 ± 675 557 ± 257 18.9 3.8
Table 4.1: Garfield simulation results for different gas mixtures, magnetic field
and conversion gap. Same errors are large due to low statistic.
Chapter 5
The beam test
5.1 Purpose of the test
A Beam Test (BT) is a direct experiment where particle beam interacts with a
detector prototype to test it in real experimental environment. A BT has been
performed with a planar prototype at SPS H4 beam line at CERN within the RD51
[37] collaboration, in December 2014.
The main purpose of this BT is to measure:
• efficiency at different gain;
• cluster size as function of the magnetic field;
• the signal to noise ratio;
• spatial resolution as function of the magnetic field;
• the differences between the gas mixtures Argon-CO2 (70/30) and Argon-C4H10
(90/10).
The data acquired during the BT will be used also to valid the Garfield sim-
ulation, e.g. the values reported in Tab. 4.1, in order to tune the output of the
Monte Carlo with real data to allow the simulation to explore the widest range of
possible configurations. The output of the BT studies together with the output of
the Garfield simulations will be used to improve the reliability of the full GEANT4
simulation of the detector.
Another goal of the BT is the measurement of the performance of the analog
readout in the magnetic field and the validation of the BESIII anode configuration.
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Figure 5.1: Picture of the planar prototype without the protection to keep inside the
gas mixture.
We tested a planar triple-GEM prototype with two different gap sizes (3 and 5
mm) and two gas mixtures (Argon-CO2 and Argon-C4H10). Currently we analyzed
only the data for the Argon-C4H10 and 5 mm configuration. A picture is reported
in Fig. 5.1.
5.2 The experimental setup
The H4 beam line at north area beam facility at the SPS (CERN) has a secondary
extracted beam of pions and muons with momentum up to 400 GeV/c. The facility
is provided of a dipole magnet (GOLIATH) capable to reaches magnetic field of 1.5
T.
Our experimental setup is consists of:
• a trigger system;
• a tracking telescope;
• the BESIII prototype;
• the gas and HV system.
A schematic drawing of the setup is shown in Fig. 5.2.
The trigger system is made by four scintillator bars readout by Silicon Photo-
Multipliers (SiPM) through a wave-length shifting fiber glued inside the scintillator.
The modules have been assembled and characterized in Ferrara showing a detection
efficiency higher than 95%.
The tracking system is composed by four planar 10×10 cm2 triple-GEM with
3/2/2/2 gap geometry (cathode/transfer1/transfer2/anode) and orthogonal XY
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Figure 5.2: Drawing of the BT setup, the particles go from left to right. The BESIII test
chamber (yellow) is in the middle around 4 tracker (green), 2 forward and 2 backward,
and 4 triggers (blue), 2 each cross, by side. The full setup is placed in a magnet (violet).
strip readout. The pitch of the strips of the tracker chambers is 650 µm providing
a position measurement with a precision of about 45 µm.
The BESIII prototype is also a 10×10 cm2 triple GEM with orthogonal XY
strips. The pitch of the strips is 650 µm and the width is 570 µm for the x coor-
dinate and 130 µm for the y as it will be in the final detector. The ground plane
is at 2 mm from the anode. The conversion gap of the prototype has been changed
from 3 mm to 5 mm during a short shutdown of the BT.
Both the tracking chambers and the BESIII prototype have been acquired by
the Scalable Readout System (SRS) developed within the RD51 Collaboration for
the readout of Micro Pattern Gas Detector [38]. The SRS is split in three parts.
In the front-end of the system, close to the detector, a front-end hybrid carries the
front-end ASIC (APV25) together with all necessary supporting circuits (discharge
protection, power regulators, etc.). On the other end of the DAQ unit there is
a FPGA-based card called Front-End Card (FEC), which contains most complex
circuits of the DAQ unit (programmable logic, memory, high-speed communication).
The APV25 is an analog sampling chip with 128-channels. Each channel of
the APV25 is a charge-sensitive preamplifier. The amplifier output amplitudes are
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sampled and stored in a cell. When an external trigger arrives at the chip, the cells
corresponding to the known trigger latency are flagged for readout. The multiplexed
analog data stream from each APV25 chip is digitized by a 10 bit flash ADC. 27
samples are readout for each event, the sampling time is 25 ns.
The HV is provided by a commercial CAEN system instrumented with CAEN
A1550 power supplies [39] and distributed to the GEM electrodes by a custom dis-
tribution system. Singular current monitoring is provided by a nano amperometer.
The gas is supplied by premixed bottles and it flows through the chambers, con-
nected in series.
Pictures of the setup are shown in Fig. 5.3.
5.3 The data taking
During the 3 weeks of run the following data have been acquired:
• an HV scan with a gain ranging from 2k - 22k with Argon-C4H10 and Argon-
CO2 gas mixtures;
• a magnetic field scan from -1 T to 1 T for both gas mixtures;
• different incident angles (0◦/10◦/30◦/45◦) in Argon-C4H10 with magnetic field
of -1/0/1 T.
Up to now only Argon-C4H10 have been studied. The analyzed data are sum-
marized in Tab. 5.1.
Gain B = 0 T B = -0.5 T B = -1 T B = 1 T
800 V 24 k x x x
2000 21 k 15 k 22 k 21.5 k
3000 16.2 k 20 k 24 k 20 k
4500 20 k 15 k 20 k 21 k
6500 5.5 k 15 k 20 k 20 k
10000 48 k 20 k 20 k 21 k
16000 24 k 15 k 20 k 20 k
20000 15 k 20 k 19 k 20 k
Table 5.1: Summary Argon-C4H10 data analyzed.
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(a) (b)
(c)
Figure 5.3: Pictures of the setup: (a) shows the tracking telescope and the BESIII test
chamber in the middle; (b) focuses the BESIII test chamber (c) is a picture of the full
setup of the beam test inside the magnet.
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Figure 5.4: Hit-map produced at the beam test of the x view for two tracking chambers
.
5.4 The reconstruction software
The raw data are processed by an offline software code developed by INFN-Ferrara.
The event output is formed by 27 charge value (corresponding to the 27 time sam-
ples) for each channel.
A first algorithm digitizes the charge signal and maps it to a physical strip (hit).
Then the clusterization occurs, adjacent strips are grouped in the same 1-D cluster.
The position of the cluster is calculated through the charge centroid as described in
Sec. 2.3.3. A cluster in the x view and a cluster in the y view form a 2-D cluster.
A 2-D cluster contains 3-D position, charge and time information of the electron
avalanche.
After checking the goodness of the cabling with hit-map plots (see Fig. 5.4) the
beam profile and straight tracks could be reconstructed, Fig. 5.5.
If all the clusters of a chamber from the same run are plotter together, it is
possible to see the beam profile as shown in Fig. 5.5a.
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(a) (b)
Figure 5.5: a) BESIII test chamber beam profile of a single run. b) x view of a single
track without alignment.
5.5 Data analysis
5.5.1 Noise suppression
Pedestal runs are used to subtract the electronic noise. Fig. 5.6a shows an example
of typical pedestal with and without magnetic field. The magnetic field operation
does not introduce any additional noise. Pedestal runs have been acquired every 8
hours to take into account changes in the noise level. The data acquisition provides
automatic pedestal subtraction; 80% of the pedestal is removed online. The charge
distribution as function of the sampling time for muon events has been used to study
additional cuts on the charge and on the sampling time to remove the remaining
background. The signal is concentrated between the samples 5 and 20. The hits
outside these boundaries are considered noise and are used to study the cut on the
strip charge (> 50 ADC channels).
5.5.2 Data without magnetic field
Events with one 2-D cluster for each tracking chamber are selected. Tracks are
reconstructed from the clusters in the tracking chamber. A fit is performed to the
track clusters and the residual distributions are used to align the detector. After the
alignment we look for clusters in the BESIII chamber in order to extract efficiency,
cluster size and resolution. Only clusters associated to the tracks are considered.
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(a) (b)
Figure 5.6: a)Pedestal charge distribution for the same channel with B = 0 T (blue) and
B = 1 T (red). The scale is arbitrary. b) Charge distribution as function of the sampling
time. Red lines show the applied cut.
(a) (b)
Figure 5.7: Efficiency (a) and cluster size (b) of the BESIII test chamber as function of
the gain. Blue dot represent the cluster along the x coordinate, red along the y coordinate.
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(a) (b)
Figure 5.8: BESIII test chamber residual distribution for a gain of 10k (a) and 20k (b).
Efficiency The efficiency of the BESIII test chamber is calculated at different
gain values reported in Tab. 5.1. Fig. 5.7a shows the efficiency for the XY view
separately and for the coincidence as function of the gain. The plateau starts about
a gain of 6500. In the plateau region the average efficiency for the 2-D cluster is
about 97 %. The working point is around a gain of 10000 (820 V), see Fig. 5.7a,
over this value the efficiency shows a saturation effect.
Cluster size Cluster information is extracted for the BESIII chamber. Results
are reported in Fig. 5.7b as function of the gain; the cluster multiplicity ranges
from 1.9 to 3.9 for the Y clusters and from 2 to 4 for X clusters, showing a non
equal charge sharing. The behaviour is linear at low gain while at higher gains the
linearity is lost due to saturation of the amplification.
Resolution The resolution without magnetic field is shown in Fig. 5.9. The
resolution is measured as the width of the gaussian fit to the residual distribution
(e.g. see Fig. 5.8). In the plateau region the average resolution is about 90 µm that
became about 80 µm deconvolving the resolution of the tracking system.
5.5.3 Data with magnetic field
Only preliminary results from the data with magnetic field will be presented since
data analysis is still on going and it is beyond of the scope of this work. Only the
y coordinate will be affected by the magnetic field.
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Figure 5.9: BESIII test chamber resolution (µm) for x and y view as function of the
gain.
Efficiency Using the same procedure described earlier in this chapter, the effi-
ciency with magnetic field (0.5 T and 1 T)is extracted and shown in Fig. 5.10 as
function of the gain. The results are compatible with the ones without the magnetic
field.
Cluster size The effect of the magnetic field is sizable looking at the cluster size;
the magnetic field drifts the electron avalanche in the direction of the Lorentz force
and broads the charge distribution. As a result the cluster size increases linearly
with the magnetic field, see Fig. 5.11a for data at gain of 10000.
The same plot reports also the cluster size values from the Garfield simulation:
the disagreeament is clear both for the absolute values and for the different slope.
Checking the HV parameters for the BESIII chamber with the 5 mm gap, we noticed
that the electric field in the conversion gap has been set to a lower value (0.9 kV/cm
instead of 1.5 kV/cm) increasing the Lorentz angle and broadening the charge dis-
tribution. As a double check we extract cluster size of the tracking chamber (3 mm
gap) and the comparison with the Garfield simulation reported in Fig. 5.11b shows
a good agreement.
In Fig. 5.12a and 5.12b the charge profile for x and y clusters is reported as
5.5 Data analysis 63
Figure 5.10: Efficiency of the BESIII test chamber with magnetic field as function of
the gain.
(a) (b)
Figure 5.11: Cluster size with magnetic field for real and simulated data in 3 mm and 5
mm configurations.
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(a) (b)
Figure 5.12: Cluster distribution as function of the cluster size with (b) and without
magnetic field (a).
function of the cluster size. The x cluster multiplicity is much lower since it is
unaffected by the magnetic field. On the y coordinate, the multiplicity is not only
higher but the charge profile departs from the gaussian shape. This can be due to
the wrong HV setting just mentioned.
5.5.4 Summary of the results
For the BT results produced so far, we can draw the following conclusions:
• the efficiency with and without the magnetic field is about 97% and it reaches
the working point at about a gain of 104;
• the cluster size increases linearly with the gain and the magnetic field, as
expected;
• the spatial resolution without magnetic field reaches a value of about 80 µm
at a gain of 6500. This result is compatible with the COMPASS resolution
reported in Sec. 2.2.
Chapter 6
Conclusions and outlook
A new inner tracker has been proposed as a replacement of the BESIII experiment
inner drift chamber that is suffering from early ageing due to the increasing of
the machine luminosity and some high background during the first years of opera-
tion. The new inner tracker will be composed by three layers of cylindrical triple
GEM detectors. This work provides input for the detector optimization and for
the GEANT4 full simulation that will be used to extract the CGEM-IT expected
performance.
A study of the expected background on the new inner tracker has been performed
combining real background events and Monte Carlo data. The CGEM-IT occu-
pancy has been calculated and a maximum rate of 60 kHz per strip is predicted.
This result will be used to optimize the design of the front-end electronics and to
increase the reliability of the GEANT4 simulation.
The shape of the electron avalanche has been studied by means of a Garfield simu-
lation. The charge distribution width and the cluster size have been compared for
different detector configurations and gas mixtures. From the comparisons between
simulations with and without magnetic field the Lorentz angle has been calculated.
Garfield simulations, once validated, will be used to extend the beam test studies.
A beam test has been performed in December 2014 with a muon beam to test the
GEM analog readout in magnetic field and to validate the Garfield simulation and
extract input for the digitization. Several configurations have been tested with and
without magnetic field:
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• different gap size (3 mm and 5 mm);
• different gas mixture Argon-CO2 and Argon-C4H10;
• different gas gains.
From the results of the analysis, we can draw the following conclusions:
• the efficiency with and without the magnetic field is about 97% and it reachs
the working point at about a gain of 104;
• the cluster size increases linearly with the gain and the magnetic field, as
expected;
• the spatial resolution without magnetic field reachs a value of about 80 µm
at a gain of 6500. This result is compatible with the COMPASS resolution
reported in Sec. 2.2.
With the work of this thesis we provide also a set of software and analysis tools that
can be used to complete and extend the studies done so far. For the Garfield simula-
tion more accurate measurements can be done both by increasing the statistics, and
improving the output of the simulation trying to reproduce the gain of the GEM
chambers. The beam test analysis is also under way and needs to be completed.
The 3 mm configuration and the Argon-CO2 gas mixture must be fully analyzed,
and a new beam test is foreseen for the end of May 2015 in order to increase the
statistics and to take data with different HV settings in the conversion gap that
caused the distortion of the electron distributions with high magnetic field. Addi-
tional innovative studies can be performed with the data acquired so far: a µTPC
mode readout, that combine time and charge information, can be explored to have
better precision of the cluster position.
Bibliography
[1] Internation Journal of Modern Physics A, 24-1 (2009)
[2] Observation of a Broad Structure in the pi + pi → J/Ψ Mass Spectrum around
4.26 GeV/c2 Phys. Rev. Lett. 95, 142001 – Published 28 September 2005
[3] M. Ablikim et al. [BES III Collaboration], Phys. Rev. Lett. 110, 252001,(2013).
[4] C. Zhang, et al, THE BEPCII: CONSTRUCTION AND INITIAL COMMIS-
SIONING for the BEPCII Team, IHEP, CAS, P.O.Box 918, Beijing 100049,
China
[5] http://english.ihep.cas.cn/prs/ns/201411/t20141126_131980.html
[6] BESIII Collaboration, Design and Construction of the BESIII Detector,
arXiv :0911.4960v1
[7] Jin Da-Peng, Study of the compensation voltage on the boundary field layer
of the BESIII drift chamber, High Energy Physics and Nuclear Physics, v 30
(2006), 665-9.
[8] The BESIII detector magnet, Zhu Z., etc., Proceedings of the Twentieth Inter-
national Cryogenic Engineering Conference (ICEC20) (2005) 593-596, Beijing,
China;
[9] BESIII Collaboration, BESIII Cylindrical GEM Inner Tracker CDR, Internal
note, (2014)
[10] M. Y. Dong et al. A new inner drift chamber for BESIII MDC, arXiv :1403.1659
[11] F.Sauli and A. Sharma, Ann. Rev. Nucl. Part. Sci. 49, 341 (1999)
[12] A. Oed, Nucl. Instrum. Methods A263, 351 (1988)
68 BIBLIOGRAPHY
[13] ChinisePhysics C, Vol. 38, Num. 9, Sept 2014, 422-426
[14] F. Sauli. Nucl. Instrum. Methods A, 386:531,1997.
[15] Serge Duarte Pinto, Marco Villa, Matteo Alfonsi, Ian Brock, Gabriele Croci,
et al. Progress on large area GEMs. JINST, 4:P12009, 2009.
[16] S Bachmann et.al. Nucl. Instrum. Methods A, 479:294, 2002.
[17] B.Ketzer et al., Triple GEM Tracking Detectors for COMPASS, IEEE TRANS-
ACTIONS ON NUCLEAR SCIENCE, VOL. 49, NO. 5, OCTOBER 2002
[18] A. Balla, G. Bencivenni, S. Cerioni,P. Ciambrone, E. De Lucia, et al. Status of
the Cylindrical-GEM project for the KLOE-2 inner tracker. 2009.
[19] A. Balla, G. Bencivenni, M. Capodiferro, S. Cerioni, P. Ciambrone, et al. A
new cylindrical-GEM inner tracker for the upgrade of the KLOE experiment.
Nucl.Phys.Proc.Suppl., 215:76–78, 2011.
[20] A. Balla et al., GASTONE: a new ASIC for the cylindrical GEM Inner Tracker
of KLOE experiment at DAΦNE, NIMA 604 (2009) 23
[21] http://www.rohacell.com/product/rohacell/en/about/properties/pages /de-
fault.aspx.
[22] http://www.ansys.com/Products/Simulation+Technology/Systems+&+Multiphysics
/Multiphysics+Enabled+Products/ANSYS+Maxwell.
[23] G. Mazza, D. Calvo, P. De Remigis, T. Kugathasan, M. Mignone, et al. A
CMOS 0.13-mu m silicon pixel detector readout ASIC for the PANDA experi-
ment. JINST, 7:C02015, 2012.
[24] M.D. Rolo, R. Bugalho, F. Goncalves, G. Mazza, A. Rivetti, J.C. Silva, R Silva,
and J. Varela. TOFPET ASIC for PET applications. JINST, 8(02):C02050,
2013.
[25] G. Barrand et. al., Comput. Phys. Commun., 140, 45-55 (2001).
[26] S. Jadach, W. Placzek, E. Richter-Was, B.F.L Ward and Z. Was, Comput.
Phys. Commun., 102, 229 (1997).
[27] S. Jadach, W. Placzek and B.F.L. Ward, Phys. Lett. B 390, 298 (1997).
BIBLIOGRAPHY 69
[28] http://cern.ch/geant4.
[29] http://garfieldpp.web.cern.ch/garfieldpp/
[30] www.ansys.com
[31] A. Peisert and F. Sauli, Drift and Diffusion of Electrons in Gases, CERN 84-08
(1984).
[32] S. Biagi, Nucl. Instrum. Methods A421, 234 (1999).
[33] F.Sauli, "Principles of operation of multiwire proportional and drift chamber",
CERN (77-09)
[34] S.Bachmann at al., Nucl. Instrum. Methods A, 438:376, 1999.
[35] http://gdd.web.cern.ch/GDD/
[36] Sven Dildick, "Avalache simulation on signle GEMs", 13-09-2011, MPGD meet-
ing 68.
[37] cern.ch/RD51-Public/
[38] S. Martoiu et al.,Development of the scalable readout system for micro-pattern
gas detectors and other applications, 2013 JINST 8 C03015
[39] http://www.caen.it/csite/CaenProd.jsp?idmod=572&parent=20
70 BIBLIOGRAPHY
Acknowledgements
I would like to thank Dott. Gianluigi Cibinetto, Gigi, because during this year has
been a mentor, which shared with me his passion for this job, and this allowed me
to sink into in with pleasure. To work together has been very formative, both in
office and by night in random Control Room around the world.
The application of several years of studies in this project, the CGEM, gave to me
great satisfaction during each little result reached. Thanks to Diego, he has always
supported the work done and the cohesion of the research group. It is enjoyable to
be in a unified group. It creates an excellent environment. Thanks to Prof. Mauro
Savrié, with his method, during the days passed together in the laboratory taught
to me a lot. This year of this thesis showed to me what really is the Research and
what is the pleasure in reaching each aim.
Thanks to Giorgio for the nice night debate about physics, close the limit of
reality, pleasant. To my every-day friends, they stay always close to me. To Serena.
A special acknowledgement goes to my family, landmark of the adventure of my
life: my parents and my bro Gianluca.
Rise up this mornin’,
Smiled with the risin’ sun,
Three little birds
Pitch by my doorstep
Singin’ sweet songs
Of melodies pure and true,
Sayin’...
72 BIBLIOGRAPHY
11The game.
